type of coronary artery collaterals. (abstr) Am J Cardiol 29: 276, 1972 26. Horwitz LD, Gorlin R, Taylor WJ, Kemp HG: Effects of nitroglycerin on regional myocardial blood flow in coronary artery disease. J Clin Invest 50: 1578 , 1971 LC: Effect of nitroglycerin and Dipyridamole on regional left ventricular blood flow during coronary artery occlusion. J Clin Invest 58: 1287, 1976 28. Madigan NP, Rutherford BD, Frye RL: The clinical course, early prognosis and coronary anatomy of subendocardial infarction. Am J Med 60: 635, 1976 29. Fuster V, Frye RL, Danielson MA, Connolly DC: Collateral circulation after acute myocardial infarction: protective or detrimental? (abstr) Circulation 52 (suppl II): 11-185, 1975 30. Barmeyer J: Physical activity and coronary collateral development. Adv Cardiol 18: 104, 1976 31. Franklin D, Tomoike H, Shirato K, McKown D, Kemper S, Ross J Jr: Functional evaluation of coronary collaterals during ameroid coronary constriction in the conscious dog. (abstr) Circulation 56 (suppl III): III-9, 1977 32. Lambert PR, Hess DS, Bache RJ: Effect of exercise on perfusion of collateral-dependant myocardium in dogs with chronic coronary artery occlusion. J Clin Invest 59: 1, 1977 33. Edwards JE: What is myocardial infarction? Circulation 40 (suppl IV): IV-5, 1969 34. Weissler AM: Discussion. Effects of acidosis on the performance and metabolism of the anoxic heart. Circulation 40 (suppl IV): IV-70, 1969 35. Favaloro RG, Effler DB, Cheanvechai C, Quint RA, Sones FM Jr: Acute coronary insufficiency (impending myocardial infarction and myocardial infarction). Am J Cardiol 28: 598, 1971 36. Schaper W: The Collateral Circulation of the Heart. Amsterdam, North-Holland Publishing Company, 1971, p 276 37. Elliot EC, Jones EL, Bloor CM, Leon AS, Gregg DE: Day-today changes in coronary hemodynamics secondary to constric-tion of circumflex branch of the left coronary artery in conscious dogs. Circ Res 22: 237, 1968 38. Cox JL, Pass HI, Wechsler AS, Oldham HN, Sabiston DC: Coronary collateral blood flow in acute myocardial infarction. J Thorac Cardiovasc Surg 69: 117, 1975 39. Vaisrub S: Subendocardial infarction: a prognostic paradox. (editorial) JAMA 235: 943, 1976 40. Levy WK, Cannom DS, Cohen LS: Prognosis of subendocardial myocardial infarction. (abstr) Circulation 52 (suppl II): II-421, 1975 41. Schaper W, Wusten B, Flameng W, Scholtholt J, Winkler B, Pasyk S: Local dilatory reserve in chronic experimental coronary occlusion without infarction. Quantitation of collateral development. Basic Res Cardiol 70: 159, 1975 42. Elliot EC, Khouri EM, Snow JA, Gregg DE: Direct measurement of coronary collateral blood flow in conscious dogs by an electromagnetic flowmeter. Circ Res 34: 374, 1974 43. Khouri EM, Gregg DE, McGranahan GM Jr: Regression and reappearance of coronary collaterals. Am J Physiol 220: 655, 1971 44. McHenry PL, Phillips JF, Jacobs JJ: Correlation of computer quantitated S-T response to exercise with the arteriographic location of coronary artery disease. (abstr) Am J Cardiol 29: 276, 1972 45. Kaplan MA, Harris CN, Aronow WS, Parker DP, Ellestad MH: Inability of the submaximal treadmill stress test to predict the location of coronary disease. Circulation 47: 250, 1973 46. Chaitman BR, Bourassa MG, Wagniart P, Corbara F, Ferguson RJ: Improved efficiency of treadmill exercise testing using a multiple lead ECG system and basic hemodynamic exercise response. Circulation 57: 71, 1978 47. Ramo BW, Peter RH, Ratliff N, Kong Y, McIntosh HD, Morris JJ Jr: The natural history of right coronary arterial occlusion in the pig: comparison with left anterior descending arterial occlusion. Am J Cardiol 26: 156, 1970.
type of coronary artery collaterals. (abstr) Am J Cardiol 29: 276, 1972 26. Horwitz LD, Gorlin R, Taylor WJ, Kemp HG: Effects of nitroglycerin on regional myocardial blood flow in coronary artery disease. J Clin Invest 50: 1578, 1971 27. Becker LC: Effect of nitroglycerin and Dipyridamole on regional left ventricular blood flow during coronary artery occlusion. J Clin Invest 58: 1287, 1976 28. Madigan NP, Rutherford BD, Frye RL: The clinical course, early prognosis and coronary anatomy of subendocardial infarction. Am SUMMARY Frequency analyses of the first heart sound (S,) were performed in 80 normal subjects and 80 postinfarction patients. A readily recognizable frequency pattern characterized by a quality of resonance .2, as measured by the Q factor at 3 db down, was noted in 78 of the 80 apparently normal subjects. An aberrant pattern with a Q <2, often accompanied by a lowering of the frequency content, was found in 78 of 80 postinfarction patients. We propose that the quality of resonance of S, is a measure of the degree to which the structural homogeneity of the left ventricle as a compliant contractile unit has been preserved after myocardial infarction.
IN 1961, RUSHMER suggested that the first heart sound (S1) results from the vibrations of the entire blood-filled heart as a dynamically coupled system.' In the intervening years, this "cardiohemic" concept has won increasing acceptance. They found a consistent and reproducible pattern in 74 normal subjects and an aberrant pattern characterized by a greater voltage output at 30 Hz than at 40 Hz in 21 of 24 patients with acute myocardial infarction. A similar pattern was found in patients with healed infarcts, cardiomyopathy, and in highly trained athletes. Normal patterns were found in patients with rheumatic valvular disease, including four patients with Starr-Edwards prosthetic valves. They reasoned that the variations between normal and abnormal patterns could be explained in terms of myocardial elasticity and mass (left ventricular muscle mass and the volume of blood in the left ventricle at enddiastole), and that their results supported the "cardiohemic" hypothesis of the origin of S. We performed frequency analyses in 80 normal subjects and 80 patients who had had a transmural myocardial infarction. We confirmed the finding of Adolph et al. that the normal subject has a readily recognizable frequency pattern with peak voltage output usually at 40 Hz. A lowering of the frequency content to 30 Hz was commonly found in the postinfarction patients and in some normal, physically active young adults. When the quality of resonance as measured by the Q factor was determined, we found that the normal subjects had a Q .2 and that the postinfarction patients had a Q <2. Although the determination of the Q factor proved to be useful because it provided an objective measurement, abnormal patterns could generally be distinguished from normal patterns at a glance (figs. 1-3). The degree of distortion of the normal frequency pattern tended to correlate with the clinical impression of the severity of the myocardial damage. Methods
The control group of 80 subjects was selected on the basis of a normal history, physical examination, and ECG. These subjects were 7-86 years old. The 80 postinfarction patients had a well-documented history of myocardial infarction and an abnormal Q in the ECG. One was 3 days postinfarction; the others had had their infarctions from 4 weeks to several years previously.
An electronic analyzer was used to identify the fre- stethoscope was detected by an electret microphone and recorded on a standard Sony TC-280 tape deck (Superscope Inc., Sun Valley, California) with a frequency response of 20-20,000 Hz. The output of the tape deck, after amplification, was scanned using a variable frequency analog filter (Applied Research Associates, Boston, Massachusetts) designed and constructed for the study. A high-fidelity speaker was used to monitor the auscultatory quality of the input to the filter/analyzer. The range of the frequency scan was 20-100 Hz, and we paid particular attention to the 20-60-Hz range, which includes the fundamental and first harmonic output of S,. All instrumentation had excellent low-frequency response capabilities. (A more complete description of the equipment may be found in reference 6.) The sounds were recorded with the patient in the left lateral recumbent position. As the observer listened to the S,, he recorded the relative voltage output at frequencies from 20-100 Hz at increments of 10 and plotted the results on a graph ( fig.  1 ). The quality of resonance, Q factor, was determined from the equation
Fr F2-Fl
where Fr is the resonant frequency and F2 and Fl are the two frequencies above and below resonance at which the average power has dropped to one-half its resonance value, i.e., 3 db down ( fig. 1 ).7 The quantity Q is a measure of the sharpness of resonance or frequency selectivity of a resonant vibratory system having a single degree of freedom, either mechanical or electrical.8 The value of the Q factor as determined in this study is related to the response characteristics and F2 FIGURE 1. A normal frequency pattern. The peak voltage output is at 40 Hz. The point at which the average power has dropped to one-half its resonance value, i.e., 3 db down, is at a relative voltage output of 70 (0.7 X 100) (see text). Qfactor = F2 ' = 40 = 2.3. 49 -32   I  I  I  I  I  I  I  I  I   I   0  10  20  30  40  50  60  70  80  CYCLES  PER  SECOND  (HZ) 90 100 90 100 VOL 59, No 6, JUNE 1979 bandpass of the frequency analyzer and might vary slightly in a study with different equipment.
F2 -Fl

Results
The results of the frequency analyses of the 80 controls and the 80 postinfarction patients are given in table 1. The normal frequency pattern (figs. 1 and 2) is characterized by a peak voltage output at 40 Hz and a Q factor >2 (43 of 80 subjects). The results were not age-related in the group with peak voltage at 40 Hz. The oldest subject was 86 years old and had a normal ECG and a normal frequency pattern. A common variant pattern had a peak voltage at 50 Hz (24 subjects). The 13 subjects with a peak voltage at 30 Hz shown. In two, ABC and MNO, the initial peak is at 30 Hz. In XYZ, the output at 20
Hz is as high as at 30 Hz, making this a very abnormal pattern. In all three patterns the Q factor is <2. The prototype of the normal frequency pattern, ABC, with a peak voltage at 40 Hz is shown, as well as two normal variants: MNO with peak voltage at 50 Hz and XYZ with peak voltage at 30 Hz. All three patterns have a Q factor >2 (2.5, 2.7 and 2.9). The secondary peak at 60-70 Hz is a common finding. Numbers in columns refer to number of patients.
were all young and physically active, although only a few could be considered trained athletes. The two apparently normal subjects with a Q <2 were encountered early in the series when experience with the technique was being acquired. It is doubtful that the normal heart produces a frequency pattern with a Q factor <2. The abnormal pattern is characterized by a Q factor <2 (78 of 80 patients) and by a strong tendency to a lowering of the frequency content to 30 Hz (fig. 3 ). The two patients with a Q factor .2 had had relatively mild infarctions clinically, had made good recoveries, and were asymptomatic when their patterns were recorded.
Discussion
The resonant frequency of a vibrating system is inversely proportional to the square root of mass (weight, volume) and compliance (softness, elasticity); therefore, the frequency varies directly with stiffness (lack of flexibility). The left ventricle may vibrate at a lower frequency because of increased mass, as in the trained athlete, or because of increased compliance caused by the loss of contractible muscle elements, as in the patient with acute myocardial infarction. In the latter case, when the soft necrotic myocardium is replaced by fibrous tissue, the ventricle will become stiffer and the frequency will tend to rise. Also, after infarction the combined mass of the left ventricle may be changed. A smaller mass times a greater compliance in the correct proportions will give rise to the same frequency as a greater mass times a smaller compliance. In this study, in which frequency analyses were carried out at widely varying periods after infarction, it is not surprising that there was a considerable variation in the frequency at which the peak voltage developed. Nevertheless, a validity study of the data in table 1 gives a probability percentage of 5%, suggesting that the reduction in frequency in the postinfarction patients compared with control subjects is probably significant.
The Q factor is defined as a measure of the sharpness of resonance of a mechanical or electrical system, and is not directly related to frequency. The determinant of the value of Q is the ratio of mass or compliance to system effective resistance. In the normal heart the Q is high even though the frequency may be low because the structural homogeneity of the myocardium of the left ventricle provides low resistance to movement. In the heart that has sustained a myocardial infarction, the value of Q is related to alterations in the structure of the myocardium which increase its resistance to movement. An asynergic area of myocardium will dampen the vibrations of the left ventricle and lower the Q. The Q factor may be viewed as an indicator of the degree to which the left ventricle vibrates as a structurally homogeneous unit.
The potential clinical value of frequency analysis is twofold: 1) as an aid in the diagnosis of myocardial infarction, and 2) as an indicator of the degree of residual damage to the left ventricle as a compliant contractile unit.
Clinical situations are commonly encountered in which it is difficult to be sure whether infarction, especially remote infarction, has occurred. Q waves may be questionably pathological. The ECG in pulmonary embolism and in the Wolff-Parkinson-White syndrome may show changes suggestive of myocardial infarction. In five cases of pulmonary embolism in the study of Adolph et al. and in one case of Wolff-Parkinson-White syndrome in our study, the frequency patterns were normal. Although cases of subendocardial infarction were intentionally excluded from the study, an extensive subendocardial infarction would probably give rise to a frequency pattern similar to that seen after transmural infarction, since the structural homogeneity of the myocardium would be similarly disturbed in both types of infarction.
Because we did not perform hemodynamic studies of left ventricular function, we do not know to what extent distortion of the frequency pattern and the lowering of the Q factor correlate with measurements of impaired ventricular function. However, we observed that when there was extensive loss of R waves in the precordial leads, severe angina, or persistent congestive failure after infarction, the Q factor was usually close to 1. The one patient in the study in whom a ventricular aneurysm was demonstrated after multiple episodes of cardiac arrest had an extremely abnormal frequency pattern.
Conclusions
1) The normal heart generates the S1 with a frequency pattern characterized by a Q factor .2 and a peak voltage output at 40 Hz. Normal variants are patterns with the peak voltage at 50 Hz and with peak voltage at 30 Hz, the latter seen in young, physically active people and in trained athletes.
2) Myocardial infarction causes an aberrant pattern characterized by a Q factor <2 and a tendency to a lowering of the frequency content to 30 Hz.
3) The degree of distortion of the normal frequency pattern after myocardial infarction tends to correlate with the clinical impression of the severity of the myocardial damage. 4) We hypothesize that the quality of resonance of S1 after myocardial infarction provides a measure of the degree to which the structural homogeneity of the left ventricle as a compliant contractile unit has been preserved. determined at autopsy.2' 4 Therefore, if infarct size can be contained, the overall prognosis after acute infarction may be improved. Studies in experimental animals have suggested that ischemic injury after coronary occlusion can indeed be altered by different pharmacologic, metabolic or mechanical interventions.5 Most of these reports have been based on studies in which the test therapy was initiated either before or within the first 30 minutes after coronary artery occlusion.5' 6 However, there are data based on electrocardiographic and histochemical cri.eria which have indicated that salvage of ischemic myocardium may still be possible by certain interventions 5 hours or longer after coronary occlusion in the experimental animal,5' -11 although the effect of such a delay in therapy on anatomic infarct size has not been determined. From effects on the electrocardiographic criteria of ischemic injury, there have also been
